Abstract-Humanoids are generalists, often lacking specific tasks or goals that can be used to evaluate or compare robot performance. Evaluating humanoids through a standardized, generalizable approach can yield a measure of robot performance on yet to be defined tasks. Anthropometric and biomechanical data from human factors design guides can be used as a baseline for evaluating humanoid performance in human-engineered environments. Past humanoid designs have used anthropometric data to define their design parameters, but no standard exists for evaluating humanoid performance. By creating a standard for humanoids, a robots capabilities can be characterized without explicitly testing every conceivable task. NASAs Valkyrie robot was tested against the anthropometric, range of motion, mass property, and strength data from NASAs Constellation Program Human-Systems Integration Requirements. The robot model offered anthropometric and range of motion data, and hardware tests were used to collect mass proportion and strength data. According to the standard used, Valkyrie fell within acceptable bounds for 59% of anthropometry, 64% of range of motion, 13% of mass property and 35% of criticality 1 strength measurements. Evaluating humanoids against the standards upon which human systems are built yields a quantitative measure of robot performance in human-engineered environments. This proposed approach can be generalized to evaluate other humanoids against a common standard. Failures or weaknesses in the humanoid design can be identified and reevaluated over time. Metric performance can be improved through advancements in robot control, operator skill, and hardware redesign.
I. INTRODUCTION
Humanoid robots are growing in number, capability, power, and promise, but humanoid evaluation metrics have not kept up with this boom. Evaluating, and thus communicating, humanoid performance poses many of the same challenges that evaluating human performance does -humanoids are generalists. A robot capable of carrying a 300 pound man may not be able to fit through a door. A robot that could crawl into an access panel may not be able to use the affordances created for human technicians once inside. Humans have built the world to be used by humans.
Workstations, access ways, tools, vehicles, and countless other types of equipment and facilities are designed to take advantage of the full breadth of human capabilities, and to accommodate human weaknesses. To ensure that human interfaces are usable by their operators, systems william.k.verdeyen@nasa.gov [4] . Humanoid performance in humanengineered environments can be quantified by measuring the robot against the user population data that human systems design.
designers employ human factors design criteria, principles, and practices [1] . In their human interface standards, the DoD [1] , the FAA [2] , and NASA [3] specify anthropometric and biomechanical data drawn from the expected end user population. Successful designs in this paradigm are usable by any individual in the target population. Therefore, to evaluate a robots fitness in specific human environments, the similarity of the robots size, strength, and range of motion to its environment's intended user population should be tested. The NASA Constellation Program Human-Systems Integration Requirements (CxP-HSIR) [4] is a document detailing human metrics as a driver for human space flight system design. In addition to requirements for radiation, safety, waste management, and many other topics crucial to the ability of humans to inhabit spacecraft, it contains detailed analyses of anthropometry, range of motion, mass properties, and strength that are to be considered when designing human interfaces. While the Constellation program has since ended, it is likely that future mission requirements will draw from a similar population, and reach similar conclusions. A humanoid capable of meeting these requirements is likely also capable of operating critical systems on the vehicleeven though such systems have yet to be designed.
NASA's Johnson Space Center led the development of NASA's first bipedal humanoid robot, Valkyrie (also known as R5), for competition in the 2013 DARPA Robotics Challenge (DRC) trials. Valkyrie was designed to operate in human-engineered environments, but without adherence to any specific human factors design criteria [5] . Valkyrie stands 6'2" (188 cm) tall and weighs approximately 300 pounds (136 kg), which is large for an NFL linebacker. This study shows that it is also large for an astronaut.
A Valkyrie unit (shown in Fig. 1 ) was measured against anthropometric and biomechanical data presented in CxP-HSIR. Measurements included size, shape, mass, strength, and range of motion. Valkyrie, and other robotic platforms analyzed against the same standard, will have a level of compatibility with human space flight systems based on the percentage of requirements met. Anthropometric and biomechancial data from CxP-HSIR may in this way be used as a baseline for evaluating humanoid robots.
II. BACKGROUND
Past humanoid designs have leveraged existing anthropometric data to craft their design requirements. Robotic hands [6] , knees [7] , and hips [8] have been explicitly designed to mimic their human counterparts. They leverage data from anthropometric studies [9] , [10] and kinematic analysis [11] to drive their specific design requirements. Robot designs that directly interface with humans, such as exoskeleton robots, are inherently driven by the human form [12] .
Other humanoid designs take different approaches. Instead of strictly mimicking the human form, they seek to afford the robot capabilities similar to a human. PETMAN [13] was designed to approximate human range of motion using data collected from human studies. Similarly, the smaller iCub robot [14] was designed around the range of motion of children.
Cattin et al. [15] takes a more unified approach, designing their NEURARM robotic platform around the biomechanical properties of a human arm. Motion capture devices were used to measure the characteristics of a human arm while catching a ball. These metrics were used as the design baseline for the robotic arm. Furthermore, the size of the arm was constrained to a realistic size of a 95th percentile human male using data from [16] .
While there are many examples of robot designs approximating human size, range of motion, and strength, no effort currently exists to measure and evaluate the designs to a standard. By leveraging accessible, integrated human data sources, this approach aims to be repeatable and used to evaluate other humanoid designs.
III. EVALUATION CRITERIA
A variety of data sources detailing human physical dimensions were considered. Choice of data source is important because it defines the user population to which the humanoid is compared. As NASA is interested in using humanoid robots to aid astronauts in space exploration missions, it follows that NASA's humanoid should be compared with data describing the astronaut population. NASA Space Flight Human System Standards (NASA-STD-3001) [17] is the most recent and authoritative document detailing the human needs for space flight. NASA-STD-3001 includes a companion document, the NASA Human Integration Design Handbook (HIDH) [3] , which provides guidance for the crew health, habitability, environment, and human factors design of all NASA human space flight programs and projects. The HIDH provides data on a variety of human physical dimensions including:
• Anthropometry Different functional tasks can be accomplished by a humanoid, but defining each task a priori is impossible. By evaluating a humanoid against these four metrics, confidence in the robot's physical ability to perform human tasks can be assessed. Furthermore, by comparing the humanoid's size and range of motion to that of humans, the robot's ability to navigate human environments can be determined.
Similar anthropometric measurements indicate a humanoid has sufficient clearance and adequate reach for operating in human-engineered environments. Similar ranges of motion suggest the humanoid has the mobility required to operate the controls, tools, and equipment in human systems. Humanoids with whole-body mass and body-segment masses similar to humans can fit in human systems without violating equipment weight ratings. In designing human space systems, strength metrics are defined by the HIDH with respect to the importance of an operation. Each movement has multiple strength levels adjusted for the criticality of the mission task. By evaluating a humanoid against these strength levels, the robot's strength capabilities can be directly tied to criteria used to evaluate humans for mission readiness.
The HIDH cites NASA's Constellation Program HumanSystems Integration Requirements (CxP-HSIR) [4] as the source for their human data. CxP-HSIR compiles anthropometric and biomechanical data from a variety of external studies, in addition to internally conducted studies on the NASA astronaut population.
IV. APPROACH
For NASA, the use of CxP-HSIR as the human data source for humanoids makes sense. Evaluating a humanoid against the CxP-HSIR metrics requires both analysis of the robot model and physical testing on the robot. The robot model and joint limits provide the necessary data for the anthropometric and range of motion comparisons. Segments of the robot are removed and weighed to provide the necessary data for whole-body and body-segment mass comparisons. Physical testing is required to gather the necessary data for making strength comparisons.
Since a humanoid robot design may not strictly follow the human anatomy, selecting equivalent measurements for the CxP-HSIR measurements can present some difficulties. In evaluating the Valkyrie robot, most of the measurement equivalencies are straightforward, as the robot was designed to closely approximate the human form. Measurements without a robotic equivalent and degrees of freedom that are absent on the robot are denoted as a failure to meet the criteria. Additionally, a robot may not have the form or sufficiently developed controllers to perform certain strength tests. Such inability to perform a strength test is also denoted as a failure to meet the criteria. The percentage of CxP-HSIR measurements met by the robot in each category can be understood as the metric of similarity between the robot and the human form.
A. Anthropometry
Anthropometry is the measure of the sizes and proportions of the human body [3] . In human-engineered systems, anthropometric data serve as a guideline for the system design [3] . Comparing the sizes and proportions of a humanoid with anthropometric data shows the likelihood that the robot will fit through passageways and have sufficient reach to access the controls, displays, and equipment in the system. Similar anthropometrics between a humanoid and human show that the robot has sufficient clearance and reach to operate in a system designed for humans.
Anthropometry can be analyzed by evaluating a model of the robot or taking measurements on the robot as built. Fig. 2 shows the model of Valkyrie used to take the anthropometric measurements. CxP-HSIR projects 59 anthropometric survey measurements from [9] forward to the year 2015 to account for the expected growth in the size of the general population [4, pp. 326-333] . Each of these 59 projected measurements range from the minimum-sized person (1st-percentile female) to the maximum-sized person (99th percentile male). A humanoid robot should be evaluated against all 59 measurements to capture its similarity to the human form.
Valkyrie falls within the minimum-sized to maximumsized person range for 35 of 59 (59%) measurements. Measurements for the Valkyrie robot and the CxP-HSIR equivalents are listed in Table I . Measurements that do not fall within the acceptable range or are missing a robotic equivalent are displayed in bold for clarity.
B. Range of Motion
Anthropometrics can give a general idea about static clearance and the potential for a humanoid to fit into human systems, but do not address whether or not the humanoid has the capability to interact with that system. Human Fig. 2 . Anthropometric and range of motion measurements were collected using a CAD model. Comparing equivalent measurements between the NASA Constellation Program Human-Systems Integration Requirements [4] and a robot yields a metric quantifying the similarity between the robot and the human form. By having more measurements that fall within the valid range, it can be inferred that a robot will be able to reach controls, tools, or equipment in a human-engineered environment. Valkyrie measurements and the equivalent human measurements are listed in Table I. systems designers use range of motion data to properly place controls, tools, and equipment in their system [3] . Range of motion measurements can show the reach capabilities of a humanoid operating in human systems. Similar ranges of motion between a humanoid robot and human shows the robot has sufficient mobility to reach human-engineered controls, tools, and equipment.
CxP-HSIR uses data from a 2007/2008 astronaut study in the NASA JSC Anthropometry and Biomechanics Facility to define the range of motion guidelines for human space flight system design [4] . The data were collected in 1g under a variety of suited and unsuited conditions. The study reflects the level of mobility necessary to perform a variety of functional tasks related to human space flight. This study establishes a comparison between humanoid robots and the unsuited range of motion data.
CxP-HSIR defines 25 movements from which unsuited astronaut range of motion data was collected [4, pp. 337-341] . Using joint limits from the robot model, minimum and maximum operational angles for each robot degree of freedom (DOF) can be determined. The equivalent CxP-HSIR range of motion is chosen for each robot DOF where applicable. Valkyrie is a high DOF robot, and equivalent DOFs are found for all but two of the CxP-HSIR ranges of motion. If the equivalent DOF meets or exceeds the human range of motion, the robot passes range of motion for that movement. Otherwise, the robot fails range of motion for that movement. If no equivalent DOF is found, the robot also fails range of motion for that movement. Valkyrie passes 16 of 25 (64%) CxP-HSIR range of motion measurements. Ranges of motion for the Valkyrie robot and the equivalent CxP-HSIR ranges of motion are listed in Table II . Failed range of motion measurements are displayed in bold for clarity.
C. Mass Properties
Human systems are designed to accommodate forces exerted by occupants under the expected accelerations. In other words, human-rated seats, brackets, and restraints are designed to withstand an expected human mass. Similar wholebody mass and proportional masses between a humanoid and human show that the robot is unlikely to damage equipment under the expected accelerations.
CxP-HSIR defines the mass guidelines for human space flight system design [4] . CxP-HSIR projects whole-body mass data from [9] forward to the year 2015 to account for the expected growth in the size of the general population. Body-segment masses are estimated from whole-body mass using regression equations defined in [18] and [19] . For unsuited astronauts, CxP-HSIR estimates a minimum and maximum mass for the whole-body and 12 unique bodysegment masses. The minimum masses correspond to a small female, while the maximum masses correspond to a large male.
Valkyrie was measured against the 12 body-segment masses, 3 combined body-segment masses, and whole-body mass defined in CxP-HSIR [4, pp. 347-350]. The mass of each link, and the location of its center of mass was measured. This was performed by measuring the center of pressure on two separate axes and using hardware models to determine the intersection of each measurement. Fig.  3 shows the table used to measure the center of mass locations. The link mass data were used in comparisons with the CxP-HSIR masses. The center of mass data were not used for any comparisons in this study. Robot links were combined to most closely match that of the CxP-HSIR bodysegments. From this, equivalent body-segment and combined body-segment masses were determined for the robot links. Summing each link mass gives an accurate whole-body mass estimate. Valkryie falls within the mass range for 1 of 12 (8%) body-segment masses, 1 of 3 (33%) combined bodysegment masses, and falls out of range for the single wholebody mass. Valkyrie link masses and the equivalent CxP-HSIR masses are listed in Table III . Masses that do not fall within the acceptable range are displayed in bold for clarity.
D. Strength
Strength describes the ability to generate force. Human systems designers use minimum and maximum human forces to define the operating range for controls, tools, and equipment in their system [3] . These systems must operate nominally with less than the minimum human force, yet be capable of sustaining the maximum human force without incurring structural damage [3] . If a humanoid can produce the minimum human force for a given movement, it follows that the humanoid can produce the normal operating force for controls, tools, and equipment related to that movement.
Strength is more diffcult to measure than other categories, therefore few human strength studies exist and often come in small sample sizes. CxP-HSIR compiles strength data from [1] , [20] , and a collection of other human strength journal articles [4, pp. 361-382]. Minimum and maximum astronaut Fig. 3 . Valkyrie link masses and center of masses were measured using a six-axis load cell. By measuring the center of pressure of each link on two separate axes, each link center of mass can be derived. This image shows the Valkryie torso link center of mass measurement. The link masses can then be combined to form segment equivalents as defined in the NASA Constellation Program Human-Systems Integration Requirements [4] . Valkyrie masses and the equivalent human masses are listed in Table III. forces are derived for a variety of functional movements related to human space flight. CxP-HSIR then applies a factor of criticality to denote different levels of strength requirements. Criticality 1 (crit. 1) equipment exists where a single failure could result in loss of life or vehicle. Criticality 2 (crit. 2) equipment exists where a single failure could result in a loss of mission.
CxP-HSIR defines 34 movements, each with a crit. 1 force, crit. 2 force, normal operating force, and maximum force. A device to measure Valkyries force output for a variety of CxP-HSIR movements was developed. The device consists of a six-axis force/torque load cell, mountable base with a vertical handle, and a set of handle attachments for onehanded and two-handed movements. Fig. 4 shows the mounted device in a base configuration with no handle attachments. Fig. 5 shows the mounted device with the two-handed handle attachment.
For the initial study, only upper body strength from a standing position was measured due to self-imposed constraints related to robot safety and controllability. These constraints limit the strength measurements to 15 of the 34 CxP-HSIR movements. The unperformed movements are counted as failures to meet the standard. Valkyrie meets the crit. 1 force on 12 of 34 (35%) movements, the crit. 2 force on 11 of 34 (32%) movements, and the normal operating force on 5 of 34 (15%) movements. Measurements for the crit. 1 force, crit. 2 force, normal operating force, maximum force, and Valkyrie force are listed in Table IV. Measurements that failed to meet the crit. 1 force and measurements that were unable to be performed are displayed in bold for clarity.
V. DISCUSSION
There are several observations of note from the Valkyrie study. First, Valkyrie is within human range for more than half of the anthropometric measurements. Most of the failed measurements are circumference-related, driven by the bulky torso and limbs.
Valkyrie shows further success in meeting most of the human range of motion metrics. The failed range of motion metrics are either nearly met or missing an equivalent DOF Fig. 4 . A measurement device was developed to measure Valkyrie's force output for a variety of movements. The device consists of a sixaxis force/torque load cell, mountable base and vertical handle, and a set of handle attachments for one-handed and two-handed movements. This image shows the mounted device in a base configuration with no handle attachments. Force outputs for the arm pull, arm push, arm in, arm out, arm up, and arm down movements presented in [4] were measured in this configuration. Fig. 5 . A measurement device with a two-handed handle attachment was used to measure force output for a two-handed standing vertical pull in movement. Valkyrie produced 50 N for this movement, exceeding the criticality 1 force but not meeting the criticality 2 force presented in [4] . on the robot. Future designs may consider increasing the range of motion in the wrist and neck joints.
Valkyrie meets most of the CsP-HSIR anthropometric and range of motion metrics. Future robot operators or mission planners can safely assume that Valkyrie has sufficient reach capabilities and the clearance necessary for operation in environments designed and built for astronauts. One major design goal for Valkyrie was to approximate a human form, and Valkyrie's performance against these metrics largely confirms the achievement of that goal.
Valkyrie is much heavier than the large male defined in CxP-HSIR. The mass proportions of Valkyrie also differ significantly from the CxP-HSIR mass proportions. For example, the upper arm to forearm weight ratio for a large male in CxP-HSIR is around 1.5. Valkyrie's upper arm to forearm weight ratio is around 2.25. This discrepancy could potentially cause weight distribution disturbances in humandesigned interfaces and workstations.
Valkyrie fails to meet most of the CxP-HSIR mass metrics. Mission planners will need to account for the increased mass of Valkyrie as compared to a typical astronaut.
Like humans, Valkyrie's upper-body strength is often limited by finger strength. Fingers capable of withstanding higher forces would greatly improve strength metric performance. Valkyrie also struggles to maintain balance when attempting to achieve higher force outputs. A multi-contact controller accounting for the additional hand contacts would allow operators to achieve higher force outputs without falling. For this study, balance and external forces were regulated using IHMC's controller developed for the DARPA Robotics Challenge [21] .
Valkyrie meets most of the measured crit. 1 and 2 strength levels, but fails to meet the normal operating force for many of the compound movements. The robot was designed to operate small equipment and tools for the DRC trials, but not to perform heavy manual labor. Valkyrie's performance on the CxP-HSIR strength metrics reflect the original design goals, but also serve to inform mission planners about the robot's capabilities and limitations. A mission planner may use Valkyrie to perform low-strength tasks like using a drill or turning a valve, but should avoid high-strength tasks like carrying a solar panel or climbing a ladder.
VI. CONCLUSION
Utilizing anthropometric and biomechanical data from CxP-HSIR offers a standard for evaluating humanoid robots.
There are several advantages of using anthropometric and biomechanical data to evaluate humanoid robots. First, it allows a humanoid robot's capabilities to be quantitatively evaluated against a standard used to design human systems. Second, comparing against an extant standard can give a humanoid robot design credibility for use in environments designed around that standard. The evaluation is straightforward and inexpensive, allowing most of the metrics to be measured or derived from existing robot models. The strength metric, which requires physical testing, captures the robot's actual performance, including that of any operator. This allows an honest evaluation of the current state of the robot. A robot's strength can be improved through advancements in control and operations, while other metrics can be improved through design changes.
This type of testing offers an important baseline that is missing from humanoid robot evaluation. It does not, however, displace task based testing for individual designs. The degree to which robots are designed to be anthropomorphic can vary, and for good reasons. Range of motion in a specific movement could be increased to the point where no human could reasonably match it, or a degree of freedom present in humans could be eliminated altogether. The simple pass/fail metric discussed in this paper fails to address any abilities of a robot that would extend its capabilities beyond that of a human. The proposed evaluation, however, is not intended to capture such capabilities, nor does it obviate the need for specific task based testing when tasks are known in advance. Furthermore, the use of this type of evaluation on robots that have not been explicitly designed to meet the standard, like Valkyrie, will result in seemingly low passing percentages for each metric. This should not be interpreted as reflecting the robot's fitness for a given task, which will still need to be evaluated through task-based testing. Low anthropometric scores mean that the robot may have difficulty fitting in locations designed for a human use, or may have inadequate visibility. Range of motion and strength deficiencies may indicate that controls are out of reach or too difficult to move. These tests are a method for quickly evaluating a humanoid against a large cross-section of what it may be asked to do. The evaluation also offers a standard for comparing potential capabilities with other humanoids. Furthermore, understanding where and why a given robot passes or fails each metric can provide useful insight for mission planners or operators as to where a robot would be most useful.
Although this test fails to capture every way a humanoid may be tested, it remains important to continue the development of a humanoid evaluation standard. Having such a standard allows future robot and mission designers to understand the potential capabilities of a humanoid robot without testing every conceivable task scenario. 
APPENDIX

